ABSTRACT
Introduction
Recent work has shown that orbital angular momentum (OAM) can be carried by electromagnetic fields from the radio to optical to X-rays (Mohammadi et al. 2010; Allen et al. 1992; Peele et al. 2002) , as well as by electrons (Hemsing et al. 2012 ) and quarks (Chen et al. 2008; Tao et al. 2011) . For our part, we have recently demonstrated that photons with OAM are created by propagation through atmospheric turbulence (Sanchez & Oesch 2011a,b) . In this work, we extend our result and demonstrate that photonic orbital angular momentum (POAM) is created as a natural consequence of electromagnetic waves propagating through any astrophysical turbulent assemblage of molecules or atoms (TAMA) and that this creates steady and long-lasting POAM fluxes.
The basis of our treatment is (1) to demonstrate that the physical requirements for the creation of POAM in Earth's atmosphere are present in astrophysical TAMAs; and (2) to We express our gratitude to the Air Force Office of Scientific Research for their support of this research.
Appendices are available in electronic form at http://www.aanda.org Data referred to in measurements are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/556/A130 demonstrate that the POAM flux created by TAMAs can be measured. Demonstration of the first is a straightforward application of our previous results. Demonstration of the second is more demanding. Whereas observation of astronomical sources relies on measurement of the intensity, wavelength, polarization, or coherence (imaging) of electromagnetic waves to interrogate remote physical systems, for instance gravitational interactions from images, none use the recently enumerated property of POAM (Uribe-Patarroyo et al. 2011 ). We present the first such observations in Sect. 4.
There is recognition in the community that measurement of POAM would be useful. Harwit (2003) proposed why measurement of OAM could be of use in astrophysical observations. Later, Elias (2008 Elias ( , 2012 both surveyed the role POAM could play in astronomical observations and also proposed a framework for future research to include how measurements of POAM would interact with more conventional astronomical instrumentation (Elias 2012) . However, no prior work enumerates a mechanism by which POAM can be widespread in the cosmos. We present such a mechanism in Sect. 3.
Whereas no prior measurement of astrophysical POAM has been attempted, a few works detail specific examples of the formation or use of POAM in astronomy or new instrumentation for its detection. For example, Tamburini et al. (2011) found that photons could be imparted with orbital angular A&A 556, A130 (2013) momentum through interaction with a Kerr black hole. Also, Uribe-Patarroyo et al. (2011) discuss solar photons carrying orbital angular momentum and their use in comparing properties of different solar regions. Berkhout & Beijersbergen (2009 ) discussed use of a multipoint interferometer as a method of identifying optical vortices in astronomical sources and elsewhere ) described an optical system utilizing two custom optical components for detection of multiple OAM modes simultaneously. Lavery et al. (2011) presented a geometric transformation as an approach to analyze the superposition of OAM states.
The first description of POAM was given by Jackson (1975) . Later, Allen et al. (1992) demonstrated that photons in a Laguerre-Gaussian (L-G) beam carry m of OAM where m denotes the mth OAM state, and that this beam can be created as a conversion process from a non-OAM carrying HermiteGaussian (H-G) beam through the use of cylindrical lenses. Sanchez & Oesch (2011a) demonstrated that smooth, but random turbulence, also acts as a conversion process which converts non-OAM to OAM photons.
In Earth's atmosphere, optical turbulence is caused by index of refraction fluctuations which in turn are caused by density fluctuations. Density fluctuations are induced by contra-velocity flows, which are mostly due to diurnal heating. The contravelocity flows cause eddies. These eddies cascade to smaller and smaller scales until molecular collision becomes important, at which time viscous dissipation occurs (Andrews & Phillips 1998) . The characteristic length at which this occurs is called the inner scale of turbulence. The size of the inner scale of turbulence strongly influences both scintillation (Hill & Ochs 1992) and also creation of POAM (Sanchez & Oesch 2011b) . The strength of the density fluctuations is characterized by the structure function of the index of refraction, with the quasiequilibrium state described by a Kolmogorov structure function (Andrews & Phillips 1998) .
The amount of turbulence-induced POAM has been shown to vary based on turbulence strength and propagation distance (Sanchez & Oesch 2011b) . This is fundamentally different than in the conversion of H-G beams to L-G beams, because, in that case, all photons in the H-G beam are converted from m = 0 to the m 0 state. In the turbulence conversion process, only a fraction of the total photon flux is converted to a POAM flux. In Sect. 4, we demonstrate to first order that this flux can reach over half of the total flux .
POAM can be measured using a Shack-Hartmann wavefront sensor (Leach et al. 2006; Murphy et al. 2010) , similar to those used in conventional adaptive optical (AO) systems. Shack-Hartmann wavefront sensors (SH WFS) measure the gradient of a beam's phase, ∇ϕ. The phase can be separated into two parts, the rotational phase, ϕ Rot , which contains the phase of the non-zero POAM carrying photons, and the least mean square phase, ∇ϕ LMS , which carries zero POAM. Note however, even though SH WFSs measure the total phase, and hence the POAM component of the beam, in standard AO processing, in order to reduce noise, ϕ Rot is discarded in the reconstruction process (Fried 1998) . This means that using standard techniques, the POAM component of the beam is overlooked, but with special processing, can be extracted. More on this in Sects. 2 and 4.
The primary purpose of this paper is to demonstrate that propagation through TAMAs creates POAM and the created POAM flux can be measured. The secondary purpose is to present the first on-sky measurements of astrophysical POAM flux. To this end, Sect. 2 reviews previous results, interactions of POAM with matter, and characterizations of atmospheric turbulence. Then, Sect. 3 reviews the physical mechanism by which astrophysical TAMAs create POAM. A first order calculation of the magnitude of the POAM flux is given in Sect. 4. Then, onsky observations are presented in Sect. 5 followed by a summary in Sect. 6.
Background
The basis of the demonstration rests directly on classic AO theory. Adaptive optics (Fugate et al. 1991 ) was created to mitigate atmospheric turbulence and, in doing so, produced major results in both understanding turbulence as a physical process, as well as, measurement of that turbulence; we use both here.
Adaptive optics and the two types of phase
In the presence of atmospheric turbulence, an optimal phase for image formation exists; call it ϕ LMS . Fried (1998) demonstrated that the gradient of the phase is uniquely comprised of two constituents, ∇ϕ LMS and ∇ϕ Rot and hence the phase is comprised of two components, the optimal phase for image formation, ϕ LMS , and a discontinuous phase, ϕ Rot , caused by branch points, i.e.
(1) Brennan (priv. comm., TR-1648) later demonstrated that the phase gradients exist in two orthogonal Hilbert spaces, H LMS and H rot , such that
with the Hilbert spaces corresponding, respectively, to the phases in Eq. (1). The phase gradients can be identified with these Hilbert spaces via projection operators, P LMS and P rot , i.e. P LMS (∇φ) ∈ H LMS and P rot (∇φ) ∈ H rot . (For a discussion of the projection operators, see Appendix A.) Branch points can be measured (Fried & Vaughn 1992; Fried 1998) by summing the phase in closed contours. A result of ±2π indicates the presence of a branch point within the contour. In the case of the gradients returned by Shack-Hartmann wavefront sensors,
signifies the presence of a branch point with Ω i a closed contour along the discrete samples, and r i the location of the ith wavefront sensor subaperture.
The discarding of the rotational phase by astronomical AO systems
Adaptive optic systems compensate for turbulence by measuring phase gradients, reconstructing the measured gradients into phase, then, through a control law, turning the reconstructed phase into deformable mirror commands. Observing near zenith, it can be shown that ϕ Rot = 0, that is, ϕ = ϕ LMS . Hence, in an AO system measurement of the phase, all components of the gradients in ϕ Rot are noise, and as such, are discarded by the AO phase reconstructors. See Appendix A for more comprehensive discussion of this point.
A130, page 2 of 13 (a) (b) Fig. 1 . a) Phase of a single branch point, if it could exist in nature. Also, the phase for the m = 1 Laguerre-Gaussian beam which is known to rapidly decohere in the presence of turbulence. b) ϕ Rot for a distribution of creation pairs with an overlay of Δ and δ. The scale on both plots is [−π, π].
The morphology of branch points
Atmospheric turbulence is a continuous, thin disturbance making ϕ Rot = 0 at the disturbance, which implies there are no branch points at the disturbance. Branch points are created with additional propagation.
Creation pairs
Branch points are created infinitesimally close together in pairs of opposite helicity (Sanchez & Oesch 2009 ). As the wave propagates, the pairs drift apart (Oesch et al. 2012d ). As such, there is a natural geometry associated with creation pairs given by their inter-pair separation, call it Δ, and their intra-pair separation, call it δ. This geometry is depicted in Fig. 1b where the natural geometry for creation pairs is depicted in sample simulation data with overlay of Δ and δ. The phase of a single branch point, if it could exist in nature, is shown in Fig. 1a , but this is also the phase for the m = 1 Laguerre-Gaussian beam. Figure 2 plots this for two sample experimental data sets, a low branch point density case on the left with δ Δ and a high density case on the right with δ < Δ.
Δ and δ
Branch point density is inversely proportional to Δ but is very much easier to measure and hence is the experimentalist's parameter of choice. Oesch et al. (2012d) measured branch point density as a function of propagation distance. He found that branch points are formed only after some distance, call it z 0 , then their density increases as the 11/6th power of normalized propagation distance until some distance, call it z ss , at which it begins to deviate from z 11/6 . With additional propagation, the density climbs reaching its maximum value at z ρ max , then decreases thereafter. In the unsaturated regime, an empirical form of the density is found to be
Similarly, the intra-pair separation is found to be
Experimental measurement (Oesch et al. 2012d ) for these two parameters is shown in Fig. 3 with intra-pair separation shown on the left and the inverse of inter-pair separation shown on the right. Note that when ρ BP is low and δ is small, φ Rot is highly localized. This is readily apparent in Fig. 2a. 
Wavelength dependence
Our research has been conducted at optical and near IR wavelengths. Specifically, our laboratory data (Oesch et al. , 2012d ) is at 1.55 microns. Most of our simulation data (Oesch et al. 2012d ) is also at 1.55 microns. Our recent field data (Farrell et al. 2012; Oesch et al. 2013a,b) is in the red, 633 nm for our 3 Km tests and approximately 600 nm for our 50 m tests. The on-sky data presented in Sect. 5 is taken at 450−650 nm. The theoretical work which rests on the laboratory data and wave optics simulation also adhere to those wavelengths. The theoretical work which links turbulence, via branch points, to the creation of POAM (Sanchez & Oesch 2011a,b) is applicable throughout the visible. The foundational work (Sanchez & Oesch 2009 ), which proved that branch points are created in pairs of opposite helicity and opened the door for the study of branch points as enduring features of the traveling wave, relies only on causality, and hence is independent of wavelength. In a similar vein, Elias (2012) demonstrated that pairs of opposite helicity are created by astronomical sources on the celestial sphere. In AO, the earliest works that studied branch points (Fried & Vaughn 1992; Fried 1998) are applicable from visible wavelengths to the near infrared. POAM itself has been found in electromagnetic radiation from radio waves (Mohammadi et al. 2010 ) to x-rays (Peele et al. 2002) .
Turbulence
Up to this point, we have casually used the word turbulence. Here we define it, with special emphasis on two parameters of interest, strength and inner scale.
The structure function of turbulence
Optical turbulence in a gaseous cloud is caused by fluctuations in the index of refraction which, in turn, is caused by density fluctuations. The structure function of index fluctuations quantifies turbulence strength (Sasiela 2007; Andrews & Phillips 1998) 
where n(·) is the index of refraction with its explicit dependence of the permittivity, (r), shown and r is the spatial coordinate. The structure function is comprised of an inertial range bounded above and below by the outer and inner scales of turbulence, respectively. The outer scale, L 0 , denotes the largest coherent structure in the turbulence. The inner scale, l 0 , is the characteristic length at which bulk motion is dissipated as heat. A TAMA, then, is any assemblage of molecules or atoms in which D(r) is not constant.
Considering the special case of variations in D(r) for which the gas is in quasi-equilibrium and accounting for both l 0 and L 0 , Eq. (6) reduces to
The regime where l 0 < r < L 0 is known as the inertial subrange of turbulence. A power spectrum can be calculated for Eq. (7), and is given by the von Karman spectrum
the outer scale (in frequency). With regards to optical propagation, the inner scale is the highest frequency at which turbulence structures are supported. Turbulence spectra with an 11/3 dependence in the inertial subrange are known as Kolmogorov spectra. Also note, TAMAs need not be in quasi-equilibrium; we present the Kolmogorov spectrum because it is widely used and facilitates calculation.
Turbulence strength
In Kolmogorov's structure function model of atmospheric turbulence, turbulence strength is simply C 2 n in Eq. (7). Unfortunately, C 2 n must be measured in-situ which, for astrophysical TAMAs, is problematic. Hence, two other measures, calculable from the propagating beam, are commonly used to infer turbulence strength, both of which are based on the Rytov approximation and a Kolmogorov spectrum (Sasiela 2007; Andrews & Phillips 1998) .
The first is Fried's parameter, r 0 , which is an estimate of phase variation in the beam. Theoretically, Fried's parameter is proportional to the zeroth moment of C 2 n (Sasiela 2007) , i.e.
Experimentally, Fried's parameter can be estimated from wavefront sensor data, which in the case of the gradients measured by a Shack-Hartmann wavefront sensor, is given by (Brennan & Mann 2010 )
where d is the subaperture size and σ 2 ∇ϕ LMS is the variance of the wavefront sensor gradients.
The second common estimate of turbulence strength is Rytov's parameter, σ 2 χ , which is an estimate of scintillation in the beam. Theoretically, Rytov's parameter is proportional to the 5/6th propagation moment of C 2 n (Sasiela 2007) , i.e.
Experimentally, Rytov's parameter cannot be directly measured, but can be inferred from the scintillation index ( 
The inner scale of turbulence
The inner scale of turbulence is the characteristic length at which bulk velocity is converted to heat. In this sense, it is a thermodynamic quantity.
There are relatively few measurements of the inner scale compared to the number of measurements of r 0 , although recently Farrell et al. (2012) , Brennan & Mann (2010) have published measurements of the inner scale at low altitude in daylight including means to estimate the inner scale using propagating beam parameters. They found l 0 = 1−5 mm.
There are no known measurements of the inner scale for astrophysical TAMAs. So, even though it is central to exact calculation of branch point creation, dearth of measurement and calculation leads us to proceed in the remainder of the paper with the benign assumption that inner scale is finite in astrophysical TAMAs.
In AO applications, ϕ Rot = 0, and turbulence strength equates directly to Fried's parameter. However, under extended propagation, Oesch et al. (2012d) demonstrated that the inner scale of turbulence has as large an impact on branch point creation as C 2 n . Interestingly, this observation ties branch point formation to a thermodynamic property of the TAMA. Jackson (1975) noted for a traveling wave with electric and magnetic components, E and B, respectively, and transverse spatial coordinates r, that r × E × B 0 is sufficient to indicate the existence of POAM. This implies a component of the field in the direction of propagation. The component of the electric field in the direction of propagation causes the instantaneous Poynting vector to spiral about the direction of propagation, and leads to 2π circulations in phase. The electric field then has the characteristic proportionality of
Turbulence-induced POAM
with m an integer and ϕ the azimuthal coordinate. Allen et al. (1992) demonstrated both that POAM can be carried by L-G beams and that these beams can be easily created in the laboratory by conversion of H-G beams. The conversion takes place by propagating through two cylindrical lenses, and note that the phase imparted by the cylindrical lenses is smooth. Sanchez & Oesch (2011a,b) and Oesch et al. (2012b) have demonstrated that atmospheric turbulence is also a conversion process, creating non-zero POAM, although unlike the cylindrical lenses in the H-G to L-G conversion, the conversion here is spatially localized.
Two notes in passing. First, the type of turbulence spectrum, e.g. Kolmogorov, is irrelevant to whether POAM is created. The type of spectrum does, however, affect both z 0 and ρ, and an assumption of a Kolmogorov spectrum is useful in that it allows for calculation. Secondly, the atmosphere is a thin disturbance, and, as such, imparts only phase to beams propagating through it. Thus for any thin TAMA, including the atmosphere, intensity fluctuations and branch points appear only with additional propagation.
2.6. Measurement of POAM 2.6.1. POAM detection via momentum transfer POAM can be detected via momentum transfer. POAM has also been shown to induce rotation in particles (Parkin et al. 2006) . In laboratory experiments, particles were suspended within optical tweezers and bombarded with POAM; the particles were shown to gain and lose momentum in increments.
POAM detection via phase
Electric fields carrying POAM have an instantaneous Poynting vector that spirals about the direction of propagation causing the phase of the electric field to have the characteristic circulation in phase shown in Eqs. (3) and (12). Using this fact, wavefront sensors can be used to detect the existence of POAM.
For Laguerre-Gaussian beams, Leach et al. (2006) , Murphy et al. (2010) demonstrated the POAM state can be measured with a Shack-Hartmann wavefront sensor. Specifically, given an L-G beam carrying m of momentum per photon, a SH WFS measures gradients which, when summed about the optic axis, return m2π from which the OAM state can be inferred.
In creating L-G beams, great pains are taken to prepare the beam in a single state and also ensure the state is centered on the optic axis. This creates a beam with a single circulation in the center of the field (see Fig. 1a ). In contrast, creation pairs are created randomly throughout the field. A fundamental problem with applying Leach et al. (2006) ; Murphy et al. (2010) results to turbulence-induced POAM (Sanchez & Oesch 2011b; Oesch et al. 2010 ) is that for turbulence-induced POAM, because of creation pairs, the effect can be highly localized and hence, the relative sizes of Δ and δ with respect to the wavefront sensor's subaperture size is quite different. For an L-G beam, δ = Δ = ∞ (see Fig. 1a ), so that d δ, and this allows for high precision measurements of L-G beams as in done in Leach et al. (2006) .
For turbulence-induced POAM, δ is finite, starting initially at zero and increasing with propagation whereas Δ decreases with increasing propagation (see Fig. 3 ). This poses two separate problems for detection with a wavefront sensor with fixed subaperture size, d. First, at creation and for some distance thereafter, δ d and this makes the creation pair unmeasurable. Second, with sufficient propagation (or a sufficiently large TAMA), eventually δ > Δ ≈ d, and this makes measurement of branch points via Eq. (3) impossible. The first is a problem for laboratory sensors, the second for measurement of astrophysically created POAM. The latter is addressed in Sect. 4 and applied in Sect. 5. 
Galactic TAMA and the creation of angular momentum
An astrophysical TAMA is any assemblage of molecules or atoms for which D(r) is not constant. This includes clouds in the inter-stellar space, clouds in the inter-galactic space, circumstellar envelopes, circumstellar disks, molecular clouds, stellar nurseries, or nebula of any kind. Although as yet uncalculated, on physical grounds, D(r) will vary widely between each with, for instance, the shocks associated with some circumstellar envelopes vastly different than clouds in the inter-galactic medium. At this point, using our previous results, it becomes trivial to demonstrate that electromagnetic waves propagating through astrophysical TAMAs contain a large fraction of non-zero POAM. Turbulence creates POAM. Turbulence is captured in the expression given by Eq. (6) which relates the structure function to spatial variability in the index of refraction. Density fluctuations lead to those index of refraction fluctuations.
Galactic TAMAs obviously have density fluctuations, but how do those fluctuations compare to density fluctuations in Earth's atmosphere? This can be established by noting that the permittivity is related to the index of refraction by
with the dielectric constant given by = κ 0 . The dielectric constants for gases apropos to this study are given in Table 1 . At standard temperature and pressure, the dielectric constant (index of refraction) of hydrogen is approximately 1/2 that of air at optical wavelengths. Thus, for a light beam incident on a TAMA of molecular hydrogen compared to turbulent air with the same turbulence distribution,
Then, suppose two identical propagating beams are incident on two gases with identical turbulence distributions with the first gas pure molecular hydrogen and the second air. Because of the similarity in dielectric constants, the POAM creation observed in Earth's atmosphere will also occur in turbulent gaseous hydrogen. This is true for other low atomic mass unit gases as well (see Table 1 where the dielectric constants for hydrogen, helium, air, N 2 and O 2 are enumerated). Since the cosmos is comprised of approximately 80% hydrogen and since spatial variation in cloud density is ubiquitous, the underlying physical mechanism for the creation of POAM exists in the interstellar medium. Therefore, propagation of light through the interstellar medium will result in the creation of POAM. Since hydrogen is so prevalent in the cosmos, the question, then, is not "will POAM be created?" but "where and with what flux?".
In answer, the flux exists in all optical waves propagating through TAMAs and, to first order, has a magnitude of the creation efficiency times the total flux. This is the major result of this paper. It follows from theory (Sanchez & Oesch 2009 , 2011a simulation and laboratory data (Oesch et al. 2012d (Oesch et al. ,c, 2010 .
Quantifying the result (existence of POAM) is very much more difficult, because to do so requires specific knowledge of the spectrum which requires specific knowledge of D(r), which, as previously mentioned, is generally not known. If we assume systems anywhere near equilibrium, the spectrum will be approximately Kolmogorov, and the POAM production would then be relatable to our laboratory results via C 2 n . Since in this initial paper, we are only concerned with establishing that POAM is created, this is not a limitation. Later papers will address the POAM production rates of the above mentioned TAMAs.
Estimation of the POAM flux
In a beam in the m = 0 state propagating through atmospheric turbulence, the turbulence induces a conversion in the beam and creates non-zero POAM states, similarly to the means by which cylindrical lenses along with proper propagation convert an H-G beam to an L-G beam (Allen et al. 1992) . In this section, the conversion ratio of zero to non-zero states is calculated as a function of parameters experimentally measurable with AO sensors. As this has not been previously calculated, we do so here to first order. No doubt, this first order result will be refined with additional work, but here, it allows us to make an order of magnitude estimate of the number of astrophysical photons carrying POAM.
For this calculation, we assume a plane wave incident on TAMA followed by additional propagation with total propagation being much larger that the size of the TAMA.
Measurement of astrophysical POAM
Since momentum transfer detectors for POAM do not yet exist, we resort to phase measurements for measurement of astrophysical POAM. In particular, analysis will be done for data taken with a Shack-Hartmann wavefront sensor. Doing so will make the calculation useable for the measurements of the on-sky fluxes presented in Sect. 5.
Establishing η
To first order, one can assume that the zero to non-zero POAM conversion is in the same proportion to the phase conversion from the m = 0 to the m = ±1 states. As such, the creation efficiency is the ratio of the size of the elements in H Rot to H. Letting η denote the ratio,
where [[·] ] is notation for "the size of" for a given realization of turbulence, and the orthogonality of the Hilbert spaces was used to separate the spaces in the denominator.
To quantitatively establish what "the size of" means, turbulence is a random process in index fluctuations, which makes the gradients random variables. The size of a random variable can be equated to its norm (Gikhman & Skorokhod 1969) . A natural norm for an element in a Hilbert space is the square of the inner product, i.e.
||∇ϕ(x
with || · || the norm, x i the coordinate, and ·, · the inner product of H. Then, for a given turbulence realization, call it R and a given source-TAMA-detector geometry, creation pairs exist at the detection plane. Let H LMS = {∇ϕ LMS } and H Rot = {∇ϕ Rot } be the sets of gradients for this realization. Then, ∇ϕ LMS ∈ H LMS ⊂ H LMS and ∇ϕ Rot ∈ H Rot ⊂ H Rot . A wavefront sensor discretizes the beam. Let N be the number of wavefront sensor subapertures and x i the subaperture locations. Then, measure the size of the non-zero elements in each set as follows: To first order, the ratio of non-zero to zero POAM photons is given by
This expression can be used on experimental astrophysical data. (17) can be estimated using Eq. (9). Under our stated assumption of a plane wave propagating through TAMAs followed by additional propagation, r 0 does not vary with the additional propagation (see Eq. (8)). Hence, Fried (1998) demonstrated that the noise-free rotational phase can be written
where N BP is the number of branch points, h k is the helicity of the kth branch point, (x, y) are the coordinates, and (x k , y k ) are the locations of the branch points. As a theoretical exercise, we assume that the creation pairs are known, i.e. are known. Let δ be the beam intra-pair separation for realization R and σ 2 pair the phase variance of a creation pair with the mean separation, then
Note in passing that a Shack-Hartmann wavefront sensor measures ∇Im
yielding for a result α k h α g k which, by Schwartz's inequality, will underestimate the result of Eq. (22). In the case of δ Δ ≈ 10d this will greatly underestimate [[H] ] because the phase averages to zero over the size of the subaperture.
As a theoretical exercise, when branch points are known, N p = Aρ where A is the area of the pupil and ρ the branch point density given by Eq. (4). Combining Eqs. (18) and (22), one gets
Then, by Eq. (4), to first order, [[H Rot ] ] can be estimated as
where α(z) bridges the gap between the unsaturated (z 0 < z < z ss ) and saturated regimes (z > z max ).
Estimating η
Combining Eqs. (20) and (24), one obtains as a theoretical estimate of η where α max is the value of α(z) at which ρ BP is a maximum; experimentally, Oesch et al. (2012a) found α max occurs at σ 2 χ ≈ 0.65 (see Fig. 4 ). Recall, this is a first order estimate which discounts saturation. On physical grounds, when saturation is accounted for, η will approach some fraction less than one; this is seen in the experimental data.
Comparison of theoretical and experimental data
The POAM fraction for atmospheric data can be calculated directly from experimental data via Eq. (19). Doing so, one can then compare Eq. (25) Fig. 5a for the data included in Fig. 3 , as well as, in Fig. 5b for a wave optic simulation which uses the same turbulence parameters but over an extended propagation distance. Figure 5a In Fig. 5b , [[H] ] is plotted versus propagation distance for varying values of the inner scale. Similar behavior to that observed to Fig. 5a at the shortest distances, but appears to reach saturation and decrease at the highest distances.
For the data in Fig. 5 , the POAM fraction is calculated using Eq. (19) and plotted in Fig. 6 with the 15 Km data on the left and 150 Km on the right. The POAM flux is zero until z 0 , grows quickly until an inflection point near z ss , grows less quickly until saturation around η = 0.55, then remains about that value for the remainder of the propagation.
Multiple TAMAs and measurement of POAM
If the atmosphere is layered or when propagating in the cosmos, the propagating wave will encounter multiple TAMAs. For multiple TAMAs or if the atmosphere is layered, to first order, the ratio of POAM to non-POAM photons is given by
The net effect of multiple TAMAs is to increase η. Whereas in later works, it will become important to determine where POAM A130, page 7 of 13 . 6 . η plotted versus propagation distance using the results in Fig. 5 . a) Experimental data from the 121 data sets used in Fig. 3 . b) Data from wave optic simulation using the same turbulence parameters as in a).
is created along the propagation path, in this work, it suffices to assert that astrophysical POAM exists and this is captured equally well by either Eq. (25) or Eq. (26).
On-sky measurement of POAM flux
Our previous laboratory results and theoretical considerations lead us to believe that there is an abundant supply of POAM in the galactic disk. In this section, we discuss how this flux can be measured using existing instrumentation, then present the first observations to do so.
Ideal candidate stars
The goal is to measure the POAM flux within a total photon flux of astrophysical sources. We choose to do so by observing stars. We do this for two reasons. First, properly chosen, stars are point sources, and hence the star itself contains no ϕ Rot . Second, stellar photon fluxes are steady although not necessarily constant. The light from ideal candidate stars propagates through an intervening TAMA. Hence, the candidate stars, ideally, are embedded in a non-luminescent dense TAMA. Under these conditions, the physical mechanisms presented in Sects. 2−4 guarantee that POAM will be created.
T Tauri stars, with their circumstellar disks, make fine candidates. In addition, stars behind, but along the same line of sight as, proto stellar TAMAs make good candidates. For instance, O type stars, with their short lifetimes, preclude significant clearing of their local neighborhood and would appear to make good candidate stars.
These stars must also be bright, 5th magnitude or brighter for our AO system, implying that the stars reside within a few hundred parsecs of the sun.
Also, whether the star itself contains a non-zero POAM flux is irrelevant. There are indications that POAM can be created intrinsically by the sun (Uribe-Patarroyo et al. 2011) which necessarily implies this occurs in other stars, as well, and this would make the POAM flux from most stars non zero. For these observations, the mechanism of POAM creation is irrelevant, that it exists is sufficient. Obviously, later works will address the "where" more carefully.
Data collection
The data required for calculation of η are phase gradients and these are obtained from open loop Shack-Hartmann wavefront sensor data. These gradients are the system's calibrated gradients, i.e. the gradients found after, for instance, camera flats and gradient references, but before being fed to the AO system's phase reconstructor (which would remove ∇ϕ Rot ).
These gradients, being intermediate quantities in an astronomical AO system, are not typically available to the experimenter. Special consideration must be taken to ensure that they are stored to disk for later use.
Calibration of the signal
We plan for the possibility that unknown biases exist in measurement and processing of the data. For instance, Elias (2012) demonstrates that in the radio, aberrations in the telescope can produce measurement bias of up to 10% for the Very Large Array; similar analysis has not yet been done for instrumentation in the visible, although a noise floor of 4% was found in our measurements (see Sect. 5.5.3). To account for this, we assume that any such biases are linear and can be removed through the use of reference stars. (For the record, we fully intend to identify if biases exist and remedy them in subsequent observational runs.)
Reference stars are those likely to produce a low POAM flux. The physics dictates that the reference stars share a line of sight to a candidate star, but are much closer, i.e. preferably nearby to the sun. Close proximity to the sun minimizes the chance of an intervening TAMA corrupting the reference measurement. A common line of sight ensures two things, a statistically identical sampling of Earth's atmosphere, as well as, common instrumentation orientation of the detectors for both measurements.
In addition, the reference star is ideally a late type star, e.g. G. These stars are stable and long lived which clears their local neighborhood of their proto-stellar cloud.
Data processing
Estimation of the POAM flux can be done as presented in Sect. 4 using Eqs. (15)−(18). For each frame of wavefront sensor data, the gradients are assigned to either H LMS or H Rot via P Rot and P LMS . The estimate of H Rot and H LMS for this turbulence realization is then
where g are the measured gradients. (17) and (18).
Measurement of astrophysical POAM fluxes
An ad hoc set of observations to measure astrophysical POAM was proposed to our colleagues at the Starfire Optical Range and they agreed to observe, on a non-interference basis, stars from a list that we provided to them, and they, in turn, provided to us raw WFS camera frames, as well as gradients. In this way, we obtained 10 data sets for 5 stars. The purpose of these observations is merely to verify that a POAM signal exists.
The observations were conducted on the Starfire Optical Range's 3.5 m telescope located on Kirtland AFB, NM using the natural guide star AO system with a Shack-Hartmann wavefront sensor at 450−650 nm with 24 × 24 subapertures and a 2 KHz open loop frame rate. The wavefront sensor resides in the coudé room.
The star list
Five stars were chosen. Our list includes a T-Tauri star, 49 Ceti, and another embedded in the Orion nebula, HR 1895. HR 1895 Table 2 . With these stars we intend to establish both the system noise floor and measurement precision, then compare the stars against them.
Calculation of the raw POAM fluxes
For each observation, 40 000 frames of open loop wavefront sensor data were taken. For each 40 000 frame data set, a logical mask was created from the saved gradients. The mask includes points within the pupil and excludes the secondary and its struts. For each data set, a projection operator is created as detailed in Sect. 5.4. Then for each frame, H Rot and H LMS are calculated via Eqs. (27) (17) and (18) and η is estimated using Eq. (15).
The result for a single dataset is shown pictorially in The result for all data sets is tabulated in Table 3 . A summary is given in Table 4 .
Establishing the noise floor
Consider the lowest two fluxes, 0.03 and 0.04. Of the nine measurements, these occur five times. Then note the standard deviation of each is about 5 × 10 −3 . To a few sigma, we assume with confidence that the noise floor of the system is η = 0.03−0.04. For the remainder of the paper, we consider it to be η = 0.04.
Evaluation of the sources
The sources can then be evaluated against the noise floor.
HR 1529 shows the highest raw flux above the noise floor. With a mean value of η = 0.07 and a standard deviation of HR 1895 is unusual. Of the three data sets, two lie within 1σ of the noise floor, but the mean of the third, taken at 20111101−100929, is η = 0.17 ± 0.02, making it well above the noise floor. The cause of this large variation over a three day period is unknown, although further analysis (Oesch et al. 2013c ) has shown that the 0.17 dataset is definitely signal. If the mean of the three is taken, HR 1895 has a POAM flux of 0.09, well above the noise floor. However, since the cause of this large variation over a three day period is unknown, until further examination is done, straightforward application of the mean seems questionable.
In summary, subtracting the noise floor, two of the five stars, HR 1529 and HR 1577, show POAM fluxes of η = 0.03 and η = 0.02 with certainty of 3σ and 2σ, respectively. Also, one of the three HR 1895 datasets, η = 0.17 is well above the noise floor.
Discussion of the on-sky data
With two of the five measurements showing signal, and an additional single data set of HR 1895 showing signal, the ad hoc experimental results indicate corroboration with theory and laboratory results. Since both theory and laboratory results definitively demonstrate that turbulence-induced POAM flux exists, we are highly encouraged that we have measured an astrophysical POAM flux. However, there remain issues for discussion.
Effect of Earth's atmosphere on the data − 1 Earth's atmosphere is a near TAMA which, for observations near zenith,
0. If we consider two TAMAS, Earth's atmosphere and an astrophysical TAMA and apply Eq. (26), one obtains
The magnitude of this additional term can be large (see Fig. 7 ). Since the additional phase only appears in the denominator, the net effect is to lower the measured conversion ratio from the star's actual ratio. Since non-negligible POAM fluxes were measured and the purpose here is to merely detect a POAM flux, this reduction is not a problem for these initial observations.
Effect of additional POAM sources on Eq. (15) If there were multiple astrophysical TAMA, the net effect would be to increase the creation efficiency. This effect is captured in Eq. (26). 49 Ceti and HR 1895 were chosen for their proximity to known TAMAs. If another TAMA exists along the line of sight to these two stars and as a result, additional POAM flux is carried by the beam, for these first set of measurements with purpose to merely detect the POAM flux, this would be acceptable. In later observations, a means to estimate the number of and magnitude of intervening TAMA would be useful.
Effect of Earth's atmosphere on the data − 2 Earth's atmosphere adversely affects ground based astronomical imaging by corrupting the phase of the source beam. Since the genesis of AO (Fugate et al. 1991) , the assumption of a phase-only disturbance has been shown to be remarkably good. This assumption appears implicitly through the use of Eq. (15) and is equivalent to [[H Rot,atmos ]] = 0. However, if the atmosphere is particularly turbulent, then the possibility exists that [[H Rot,atmos ]] 0.
In an attempt to explain the measurement of HR 1895 on 20111101 at 100929Z which produced η = 0.17, this must be considered. HR 1895's altitude at this time is 47
• . During the measurement, if there were particularly bad atmosphere, the inverse of Fried's "Lucky Imaging" (Fried 1977) , then perhaps Earth's atmospheric turbulence could create hidden phase in the propagating beam causing [[H Rot,atmos ]] > 0. If this were true, the one "good" data set from HR 1895 could merely be noise from the atmosphere. Establishing the veracity of this possibility from our current data is not possible. But note, the data sets are 20 s in duration which would tend to mitigate a short, unlucky event. Calculation of the probability of a Fried-type "unlucky" event over twenty seconds is beyond the scope of this paper. However, this analysis does suggests that additional calibration is required in future measurements of H Rot .
Effect of an extended object on the measurements The Orion nebula (NGC 1976 ) is a bright extended object, approximately 65 arc minutes in extent with a visual magnitude of m v = 4. For a 3.5 m telescope, it is not a point source, implying H LMS,NGC 1976 0. Since HR 1895 is embedded in NGC 1976, measurements of it will contain gradients from the nebula. The net effect is captured in Eq. (29) as when considering Earth's atmosphere, and this is to lower the measured conversion ratio from the star's actual ratio, i.e. the denominator of Eq. (15) would go to [[H Rot + H LMS + H LMS,NGC 1976 ]]. Again, since nonnegligible POAM fluxes were measured, this reduction is not a problem for these initial observations. This, however, should be accounted for in future observations, but does not alter our stated results.
The Shack-Hartman wavefront sensor gain curve and its impact on our measurements Shack-Hartman wavefront sensors estimate gradients non-linearly, so that for small tilts, the estimation of the gradient is quite good, but for large tilts, the estimation saturates to a constant value. This gives Shack-Hartman wavefront sensors a high dynamic range which is ideal for imaging, but for our measurements here, this means that calculation of [ For the data presented here, there is no means to determine the extent of the saturation. However, in future experiments, this issue must be corrected, and can easily be done through, for instance, the use of a higher density wavefront sensor. Doing so, of course, will be at the expense of reduced sky coverage.
The effects of instrumentation on the measurement Elias (2008 Elias ( , 2012 demonstrated that instrumentation affects the measurement of POAM and notes that polarization (spin angular momentum) can be measured as orbital angular momentum. The degree to which this occurs can depend on the azimuth and elevation of the telescope, as well as, the optics leading to the A130, page 10 of 13 detector. For this first set of measurements, we assume that a proper choice of reference stars addresses this issue. This assumption bears close scrutiny. Our analysis in Sects. 5.5.2-5.5.4 merely established a noise floor of the device without regard to lines of sight. Considering lines of sight, the nearest reference star is approximately within 10 o of a candidate. Whether this is acceptable will only be known with further analysis, and this analysis must be a prerequisite for follow-on observations.
It bears study whether the converse is also true, i.e. that POAM will be measured as polarization. The result of this analysis can have interesting repercussions, namely that POAM has been measured for some time by astronomical instruments, but attributed incorrectly.
Chromaticity and measurement of H Rot The effect of a broad spectrum is to smear the gradients in H Rot making them appear near zero. This will cause the measured value of [[H Rot ] ] to be underestimated with respect to its actual value, but, again, as long as [[H Rot ] ] is above the noise floor, this is not a problem. Filters can be used to address this problem, but doing so would further restrict the number of candidate stars.
The effect of Δ and δ on data collection In the astrophysical regime, Δ and δ are much larger than those found in laboratory data. Classic AO wavefront sensor's subaperture spacing is tied to Fried's parameter. Hence, δ Δ d, so, existing wavefront sensors will measure averaged values ϕ Rot . As was discussed in Sect. 4.3.2, this causes an underestimation of ϕ Rot . Additionally, since d Δ, this precludes the use of Eq. (3) in identifying branch points. The full implication of these statements are not yet clear, although over the long term, the solution will be to create direct OAM detectors tailored for measurement of astrophysical POAM.
Summary of the on-sky data
The purposes of this section were to enumerate a means to measure the astrophysical POAM flux and to present the results of ad hoc observations. The former is enumerated in Sects. 5.1−5.4, and the latter accomplished in Sect. 5.5. Using those techniques, a POAM flux of 2−3% of the total photon flux with confidence of 2−3σ. We consider this to be tentative observational detection of our theoretical predictions, which are based on our previous results.
Conclusions
Theory, simulation, laboratory, and now on-sky measurements support the thesis that a significant number of astrophysical POAM photons exist. We are led by our previous laboratory data to conclude that under the right circumstances, the POAM flux will reach approximately half of the total photon flux but for the on-sky data presented here, it was found to be as large as 17% of the total photon flux. Since the conditions for POAM creation are so ubiquitous, we expect to find POAM fluxes existing in varying strengths throughout the cosmos. of POAM in adaptive optics Fugate et al. (1991) created AO, and in doing so, demonstrated a means to compensate for atmospheric turbulence through the use of a wavefront sensor and a deformable mirror. The wavefront sensor measures phase and, through processing, returns the deformable mirror commands that compensate for the phase disturbance. Since the measurement contains noise, in order to ensure optimal performance, the measurements must be filtered; in AO, this process is called reconstruction of the phase, and the matrix that does the reconstruction is called the reconstructor.
In retrospect, the AO reconstructor is the keystone that allowed for creating the projection operator onto H Rot . Sections A.1-A.5 illuminate how this is so.
A.1. Minimization of noise -The first reconstructor
Following Fugate (2001) , assume the sensor is a ShackHartmann wavefront sensor; this sensor discretizes the field and returns phase gradients. Let each discretely measured element be called a subaperture. For each subaperture, we wish to estimate the deformable mirror command required to correct the phase aberration in that subaperture. In this light, let a be the deformable mirror actuator commands for all subapertures (i.e. the optical path difference (OPD) required to remove phase in each subaperture), and let g be the phase gradients for all subapertures.
Adaptive optics fundamentally assumes that the atmosphere is a smooth disturbance that exists in the pupil of the telescope, and further that the AO system is optically conjugate to the turbulence. Under these assumptions (and no noise), g is continuous and
where Γ is a matrix that converts actuator commands (i.e. phase) into phase gradients. We need to solve for the deformable mirror commands, a, given the measurements g, and this must be done in the presence of noise. (Note that under the stated assumptions, the discontinuous part of g is considered noise.) Lettingâ be the actuator commands in the presence of noise, the minimum error solution in the least mean square sense is given by the minimization of |g − Γâ|. The solution is given bŷ
where Γ † is the pseudo inverse. The left hand side of Eq. (A.2) is the AO compensation which returns the optimal phase for imaging. Equation (A.2) is the reconstruction process and Γ † is the AO reconstructor. Fried (1998) when studying the branch point problem in AO, considered both the gradients associated withâ, as well as, the remainder of the gradients. In doing so, he illustrated that the total phase, ϕ is uniquely comprised of two phases, ϕ LMS and ϕ Rot , with ϕ Rot caused by branch points, and further that the gradients of these phases, ∇ϕ LMS and ∇ϕ Rot , are orthogonal i.e. ϕ = ϕ LMS + ϕ Rot with
A.2. Branch points in AO
In the terms of the previous subsection, ϕ LMS = 2π λâ ; also, the gradients ∇ϕ Rot are considered noise by the reconstructor, and hence, are rejected. This fact led Fried (1998) in his seminal paper to call ϕ Rot the "hidden phase".
In the evolution of theory, the phase which was originally viewed as a least mean square solution to a noise problem, ϕ LMS , now also defines another phase, ϕ Rot , which is due to branch points. At this point in conventional wisdom, since branch points were seen to randomly appear and disappear in all experimental data, they were still considered a noise problem.
A.3. Branch points as enduring features of the traveling wave Sanchez & Oesch (2009) and Oesch et al. (2010) later demonstrated that a component of ϕ Rot was not noise at all, but an enduring feature of the traveling wave. That branch points seemingly randomly appeared and disappeared in experimental data was shown to be a measurement problem. Note for clarity, in experimental data, both ϕ LMS and ϕ Rot contain noise, and while noise must be dealt with when analyzing data, it is not our concern here.
At this point in the evolution of theory, both ϕ LMS and ϕ Rot are physical features of the traveling wave, caused directly and indirectly by turbulence, respectively.
A.4. The two orthogonal Hilbert spaces and the projection operators
Consider the gradients gˆa such that
The operator ΓΓ † is a projection of the total gradients, g, onto gˆa. Denote the remainder of the gradients gˆb. Then, .6) where I is the identity operator. I−ΓΓ † is a projection operator of g onto gˆb. Brennan (2007 priv. comm. TR-1648 demonstrated that the gradients gˆa and gˆb define two orthogonal Hilbert spaces, H LMS and H Rot , such that H = H LMS ⊕ H Rot , and he derived a sparse basis for H Rot . In this light, ΓΓ † is a projection operator (called P LMS earlier in the text) that selects the gradients in H LMS . Similarly, P Rot = I − ΓΓ † is a projection operator onto H Rot . Note, since SH WFSs discretize the phase, P LMS and P Rot are matrices.
In the notation of Fried (1998) and writing the phase in units of OPD, the gradients gˆb = ∇ϕ Rot due to branch points define a Hilbert space H Rot . Since the gradients are random variables, knowing that the gradients lie in Hilbert spaces, gives a ready means, through the norm of the Hilbert space, to estimate their size.
At this point in the evolution of theory, a means was in hand to estimate the relative quantity of the stochastically generated non-zero elements in H LMS and H Rot (this was presented as the ratio η earlier in the text).
A.5. POAM in the traveling wave
To complete the history, Sanchez & Oesch (2011a,b) later established that [[gˆb] ] 0 implies that the traveling wave is carrying non-zero POAM, and realized a short time later, it would be possible to show that a good fraction, perhaps most, of the photons in the universe carry non-zero POAM. A130, page 13 of 13
